It is currently hypothesized that the drive to sleep is determined by the activity of the basal forebrain (BF) cholinergic neurons, which release adenosine (AD), perhaps because of increased metabolic activity associated with the neuronal discharge during waking, and the accumulating AD begins to inhibit these neurons so that sleep-active neurons can become active. This hypothesis grew from the observation that AD induces sleep and AD levels increase with wake in the basal forebrain, but surprisingly it still remains untested. Here we directly test whether the basal forebrain cholinergic neurons are central to the AD regulation of sleep drive by administering 192-IgGsaporin to lesion the BF cholinergic neurons and then measuring AD levels in the BF. In rats with 95% lesion of the BF cholinergic neurons, AD levels in the BF did not increase with 6 h of prolonged waking. However, the lesioned rats had intact sleep drive after 6 and 12 h of prolonged waking, indicating that the AD accumulation in the BF is not necessary for sleep drive. Next we determined that, in the absence of the BF cholinergic neurons, the selective adenosine A 1 receptor agonist N6-cyclohexyladenosine, administered to the BF, continued to be effective in inducing sleep, indicating that the BF cholinergic neurons are not essential to sleep induction. Thus, neither the activity of the BF cholinergic neurons nor the accumulation of AD in the BF during wake is necessary for sleep drive.
Introduction
The drive to sleep begins with the onset of wake and dissipates slowly with sleep. Endogenous sleep factors acting on specific neurons in the brain are hypothesized to regulate the waxing and waning of the sleep drive (Porkka-Heiskanen, 1999; PorkkaHeiskanen et al., 2002) . One such sleep factor is adenosine (AD), a naturally occurring purine nucleoside present in all cells and released as a neurotransmitter (Fredholm, 1995) . AD concentrations increase with cellular metabolism (Latini and Pedata, 2001) , and, because brain metabolism increases during waking, AD levels also rise. It is hypothesized that AD accumulates during wake, and, because it accumulates, it inhibits neural activity in wakepromoting brain regions (Rainnie et al., 1994; Porkka-Heiskanen et al., 1997) . One such brain region in which AD is hypothesized to be effective in inducing sleep is the basal forebrain (BF) .
The BF is the rostralmost extension of a distributed network of neurons implicated in regulating wake (Szymusiak et al., 2000) . The BF contains a mixed phenotype of neurons, some of which are cholinergic (Zaborszky and Duque, 2003) . The cholinergic BF neurons are active during wake and rapid eye movement (REM) sleep as determined by juxtacellular recording (Manns et al., 2000; Lee et al., 2005a ) and c-Fos activity . Moreover, acetylcholine is released in the cortex during waking and REM sleep (Celesia and Jasper, 1966; Szerb, 1967; Jasper and Tessier, 1971; Rasmusson et al., 1992) . Current models (Semba, 2000; Jones, 2003 Jones, , 2004 Gerashchenko and Shiromani, 2004) suggest that the cholinergic BF neurons are driven by ascending influences from other arousal populations, such as neurons from the mesopontine region, histamine tuberomammillary nucleus, and the hypocretin neurons in the lateral hypothalamus. During wake, the increased activity of the cholinergic BF neurons is hypothesized to release AD, and, in turn, these neurons are shut off by the localized buildup of AD .
Consistent with such a hypothesis, systemic or intracerebroventricular administration of AD promotes sleep and decreases the waking state (Radulovacki et al., 1984; Ticho and Radulovacki, 1991) . In cats (Porkka-Heiskanen et al., 1997) and rats (Murillo-Rodriguez et al., 2004) , extracellular concentrations of AD in the BF increase with prolonged waking and then decline with subsequent sleep. In vivo microdialysis perfusion of AD into brain sites reduces the waking state and increases slow-wave sleep (Portas et al., 1997) . Inhibition of AD transport in the BF leads to increased extracellular levels of AD and also results in increased sleep (Porkka-Heiskanen et al., 1997) . Conversely, caffeine, consumed in the form of tea or coffee, is a nonspecific AD antagonist that potently increases waking and decreases sleep (Fredholm, 1995; Wyatt et al., 2004; LaJambe et al., 2005) .
Although in the BF adenosine levels rise and fall with wake and sleep, would AD levels increase with prolonged waking if the cholinergic neurons were destroyed? This is an important question in the overall model of AD-BF regulation of sleep-waking that surprisingly has never been investigated but that can be an-swered by using to lesion the BF cholinergic neurons and measuring adenosine in the BF that is devoid of cholinergic neurons. We then investigate whether sleep homeostasis is also affected when the cholinergic BF neurons are removed.
Materials and Methods

Animals
Sprague Dawley rats weighing 250 g were obtained from the vendor (Charles River Laboratories, Wilmington, MA), housed at a constant temperature (21 Ϯ 1°C) under a controlled light/dark cycle (lights on from 7:00 A.M. to 7:00 P.M.), and provided with food and water ad libitum. While under deep anesthesia [mixture of acepromazine (0.75 mg/kg), xylazine (2.5 mg/kg), and ketamine (22 mg/kg) administered intramuscularly], saline (n ϭ 26) or 192-IgG-Sap (n ϭ 30; 2 g/l, total volume injected of 3 l) was placed into the lateral ventricle via the gravity method. The cannula was left in place for 5 min and then withdrawn slowly.
At this time, cortical sleep recording electrodes were implanted as described previously . Briefly, four stainless-steel screws were fixed to the parietal and occipital bones and were used to record the electroencephalogram (EEG). Two miniature screws were inserted 2 mm on either side of the sagittal sinus and 3 mm anterior to bregma (frontal cortex). The other two screws were located 3 mm on either side of the sagittal sinus and 6 mm behind bregma (occipital cortex). The EEG was recorded from two contralateral screws (frontaloccipital). Two stainless-steel flexible multiwire electrodes inserted into the nuchal muscles were used to monitor the electromyogram (EMG).
At this time, a guide cannula [IC guide; BioAnalytical Systems (BAS), West Lafayette, IN] was placed stereotaxically into the basal forebrain [target coordinates in mm: anterior, Ϫ0.35; lateral, 2.0; vertical, 7.5 (Paxinos and Watson, 2006) ]. The cannula was for microdialysis and measurements of extracellular adenosine. The guide cannula was then fixed onto the skull with a thin layer of dental cement. All electrodes were placed in a six-pin plastic plug and secured onto the skull using dental cement.
One day after surgery, the animals were attached to the electroencephalographic recording leads and sleep EEG recordings were started. All rats were treated in accordance with the American Association for Accreditation of Laboratory Animal Care policy on care and use of laboratory animals. All efforts were done to minimize animal suffering and to minimize the number of animals in the experiments. All experiments were conducted with food and water available ad libitum.
Analyses of sleep recordings
In all rats, a 48 h sleep recording was made 2 weeks after surgery. Contralateral frontal-occipital EEG screw electrodes were used for EEG acquisition. The EEG data were filtered at 70 Hz (low-pass filter) and 0.3 Hz (high-pass filter) using three different Grass Instruments (Quincy, MA) electroencephalographs and continuously sampled at 128 Hz. The EEG data recordings were scored manually on a computer (Icelus software; Dr. Mark Opp, University of Michigan, Ann Arbor, MI) in 12 s epochs for wake, non-REM sleep, and REM sleep. The wake state was identified by the presence of desynchronized EEG and high EMG activity. Non-REM sleep consisted of high-amplitude slow waves together with a low EMG tone relative to awake. REM sleep was identified by the presence of regular theta activity coupled with low EMG relative to non-REM sleep.
Histological verification of probe location and immunocytochemistry
Animals were killed with a lethal dose of pentobarbital and perfused transcardially with 0.9% saline solution, followed by 10% formaldehyde. The brains were removed and postfixed overnight in 4% formaldehyde, followed by 30% sucrose/0.1 M PBS for 48 h. The brains were cut (frozen sections, 30 m, coronal) and collected in 1:5 serial order. The tissue sections were processed for identifying choline acetyltransferaseimmunoreactive (ChAT-IR) neurons, and the sections were lightly counterstained with neutral red to allow better visualization of the cannula track and surrounding regions. Briefly, tissue sections were incubated overnight (room temperature) in goat anti-ChAT (AB 144P, 1:4000 dilution; Chemicon, Temecula, CA). The next day, the tissue was exposed to an avidin-biotin secondary antibody (1 h), followed by an avidin-biotinylated peroxidase complex (1 h). The peroxidase reaction was developed with 3Ј-diaminobenzidine (with nickel chloride; Vector Laboratories, Burlingame, CA). The concentrations of primary antibodies were optimized to permit clear visualization of each product. The probe location was plotted on drawings of the rat brain (Paxinos and Watson, 2006) using camera lucida methods.
Tally of ChAT-IR neurons
One observer blind to the type of drug and site of injection counted all of the ChAT-IR somata on the ipsilateral (microdialysis sampling side) and the contralateral sides. ChAT-positive neurons were counted in the medial septum (MS), horizontal (HDB) and vertical (VDB) limbs of the diagonal bands of Broca, the magnocellular preoptic nucleus (MCPO), and the substantia innominata (SI). In saline rats, the Nissl and ChAT neurons demarcated the boundaries, whereas in the lesion rats, boundaries were determined using the Nissl stain. At least 12 sections encompassing the cholinergic neurons in these groups were examined, and all ChAT-IR somata were counted using a grid (10 ϫ 10 grid; 25ϫ objective).
Statistical analysis
The data were analyzed using repeated-measures ANOVA [SPSS (SPSS, Chicago, IL) or SigmaStat (Systat Software, Point Richmond, CA)] with post hoc Tukey's test ( p Ͻ 0.05) and paired or independent t tests when appropriate with Bonferroni's corrections.
Experiment 1: extracellular levels of AD in 192-IgG-Sap lesioned rats
Animals. Thirteen rats (saline, n ϭ 6; 192-IgG-Sap, n ϭ 7) were used in this experiment.
Microdialysis sampling procedures. Three weeks after surgery, the microdialysis probe (1 mm length, polyacrylonitrile, molecular weight cutoff of 30,000 Da, 340 m outer diameter; BAS) was inserted through the guide cannula into the target structure at 7:00 A.M., and the tissue was allowed to stabilize for 24 h. During this period, artificial CSF (aCSF) (in mM: 147 NaCl, 3 KCl, 1.2 CaCl, and 1.0 MgCl, pH 7.2) was perfused continuously. In a previous experiment (Murillo-Rodriguez et al., 2004) , we determined that it took ϳ6 -7 h after probe insertion for the AD levels to stabilize. Artificial CSF was perfused at a flow rate of 0.25 l/min.
The following day, the animals were kept awake for 6 h (starting at Zeitgeber time 6) by lightly tapping the cage or introducing novel objects into the cage whenever the rats showed EEG or behavioral signs of sleep. Samples (15 l) were collected at the start of the sleep deprivation period and at 1 h intervals for 6 h. The samples were collected on ice and then frozen until HPLC analysis. The personnel involved in keeping the rats awake did not know which rats were given saline or the saporin toxin.
Neurochemical analysis of adenosine. The samples were injected into an high-performance liquid chromatograph (BAS) for purine analysis. The mobile phase consisted of 7 mM NaH 2 PO 4 , pH 3.0, plus 3.5% CH 3 OH. Separation was achieved by a BAS Microbore column (octadecyl silica, 3 m, 100 ϫ 1 mm; BAS) attached directly to the injector (CC-5e; BAS). Purine concentrations were then obtained by a UV detector set to a wavelength of 254 nm (UV-116A; BAS). Chromatographic data were recorded in a personal computer, and peak heights of AD in microdialysis samples were compared with standards using the chromatograph report software (BAS).
Experiment 2: evaluation of sleep homeostasis
Animals. The sample size for the 6 h sleep deprivation protocol was as follows: saline, n ϭ 6; 192-IgG-Sap, n ϭ 7. The sample size for the 12 h sleep deprivation protocol was as follows: saline, n ϭ 5; 192 IgG-Sap, n ϭ 7. Separate groups of rats were used in these two sleep deprivation studies.
Six and 12 h sleep deprivation. After obtaining a 48 h sleep recording, separate groups of rats were kept awake for 6 h (last 6 h of lights-on period) or 12 h (entire lights-on period) by gentle handling as described in experiment 1. At the end of the prolonged waking period, the rats were allowed to sleep undisturbed, and sleep EEG recordings were made for 24 h. Rodent multiple sleep latency test. The sample size for this study was as follows: saline, n ϭ 7; 192-IgG-Sap, n ϭ 8. The rats were the same as used in the 6 h sleep deprivation paradigm, but the multiple sleep latency test (MSLT) experiment was conducted 1 week before the 6 h sleep deprivation study. In the MSLT paradigm, the rats were kept awake for 20 min beginning at 2 h after the start of the lights-on period (Zeitgeber time 2) and then allowed to sleep undisturbed for 20 min. The alternating 20 min periods of wake followed by 20 min periods of sleep were continued until the end of the lights-on period, when the rats were allowed to sleep undisturbed. Sleep was recorded throughout the test and for 12 h after the end of the test. Previously, this test was used to measure REM sleep propensity in a genetic line of rats (Shiromani et al., 1991) . During the 20 min sleep periods, the latency to the first non-REM sleep bout (2 min of non-REM sleep) and REM sleep bout (Ն24 s, i.e., two 12 s epochs) were determined.
Spectral analysis of the EEG for computation of delta power. The EEG data of rats deprived of sleep for 6 h was analyzed for changes in delta power (0.3-4 Hz). The data from the 12 h sleep deprivation study could not be used because two different Grass Instruments EEG machines were used to collect the data, which caused wide variations in the amplitude of the EEG. Frontal-parietal (contralateral hemispheres) EEG screw electrodes were used for EEG acquisition. The data were filtered at 70 Hz (low-pass filter) and 0.3 Hz (high-pass filter) using a Grass Instruments electroencephalograph and continuously sampled at 128 Hz by a 486-Intel microprocessor computer with an analog-to-digital board (National Instruments, Austin, TX). A fast Fourier analysis was performed using the Icelus program (Dr. Mark Opp). Only non-REM sleep was analyzed for changes in delta power.
Experiment 3: effects of the adenosine A 1 /A 2 receptor agonist N6-cyclohexyladenosine on sleep
Animals. The sample size for the saline group was as follows: aCSF, n ϭ 9; N6-cyclohexyladenosine (CHA) at 10 M, n ϭ 7; CHA at 25 M, n ϭ 9; CHA at 100 M, n ϭ 9. The sample size for the 192-IgG-Sap group was as follows: aCSF, n ϭ 12; CHA at 10 M, n ϭ 5; CHA at 25 M, n ϭ 12; CHA at 100 M, n ϭ 12.
Drug infusion paradigm. Two weeks after surgery, a microdialysis probe was inserted and allowed to stabilize for 24 h. At 7:00 P.M. (beginning of lights-off period), aCSF or CHA (10, 25, or 100 M) was infused via the microdialysis probe into the basal forebrain (flow rate of 0.25 l/min). The CHA was dissolved in aCSF and infused throughout the night cycle. The different concentrations of CHA and aCSF were infused in a counterbalanced order to prevent order effects.
Results
Basal forebrain cholinergic neuronal cell loss after 192-IgG-Sap
Five rats administered 192-IgG-Sap were excluded from the study because they had little or no loss of BF cholinergic neurons. Table 1 summarizes the average numbers of ChAT-IR neurons in the BF in saline-treated (n ϭ 21) and 192-IgG-Sap-treated (n ϭ 25) rats. Compared with saline rats, there was a significant decline (Ϫ95%; F ϭ 593.42; p Ͻ 0.001) in the overall number of BF cholinergic neurons in rats administered 192-IgG-Sap. The BF cholinergic neuronal populations were counted separately, and there was a significant cholinergic neuronal loss in the MS (Ϫ98%), VDB (Ϫ98%), HDB (Ϫ98.5%), MCPO (ϳ100%), and SI (Ϫ44%). A subpopulation of neurons in the SI does not contain the p75 NGF receptor and are not killed by the 192-IgG-Sap (Heckers et al., 1994) .
Experiment 1: extracellular levels of AD in 192-IgG-Sap lesioned rats Figure 1 depicts the location of the microdialysis cannula in representative saline and 192-IgG-Sap lesioned rats. The cannula was localized within the cholinergic zone of the MCPO in which AD levels previously (Murillo-Rodriguez et al., 2004) increased in response to 6 h sleep deprivation in rats. Figure 2 summarizes the effects of sleep deprivation on AD levels in the BF. Consistent with observations in cats (PorkkaHeiskanen et al., 1997) and our previous study in rats (MurilloRodriguez et al., 2004) , AD levels increased in response to sleep deprivation in saline rats (repeated-measures ANOVA; F ϭ 9.98, df ϭ 3,15; p Ͻ 0.001) but not in rats lesioned with 192-IgG-Sap (F ϭ 0.97). The saline rats had a significantly higher level of AD during the 6 h sleep deprivation period compared with the lesioned rats (F ϭ 11.98; df ϭ 1,33; p Ͻ 0.002).
Experiment 2: evaluation of sleep homeostasis
If AD levels do not increase with prolonged waking in 192-IgGSap lesioned rats, is sleep homeostasis deficient in these rats? Keeping the rats awake for 6 or 12 h and then measuring sleep investigated this. Table 2 summarizes the sleep-wake data during the first 12 h of recovery sleep after 6 and 12 h of total sleep deprivation. Both the saline and 192-IgG-Sap rats had a similar robust sleep rebound in response to the sleep deprivation. During the subsequent 12 h, sleep levels were also similar between the two groups, indicating that there were no long-lasting consequences of sleep loss in the lesioned rats (Table 3) .
We probed the data further to determine whether there was any difference in the rate of accumulation of sleep debt and the recovery from it. We calculated the cumulative change in the hourly amount of wake, non-REM sleep, and REM sleep during the sleep deprivation period and the recovery sleep. The saline and 192-IgG-Sap lesioned rats had a similar rate of loss of sleep during the 6 h (Fig. 3, left) and 12 h (Fig. 3, right) period of sleep deprivation, with both groups reaching the same level of sleep debt at the end of the sleep deprivation period. During the subsequent recovery sleep, the rate of increase in non-REM and REM sleep in the 192-IgG-Sap lesioned rats was similar to the saline rats, indicating an intact homeostatic response to 6 and 12 h sleep loss in the lesioned rats.
We also assessed the power in the EEG after 6 h of sleep deprivation because it has been theorized that high EEG delta power after sleep loss is an electrophysiological indicator of sleep drive (Borbely et al., 1984) . Figure 4 summarizes the increase in delta power in both the lesioned and control rats during the first 2 h of sleep after 6 h of total sleep deprivation, indicating intact sleep drive in the lesioned rats.
Next, we used an MSLT to further evaluate the sleep drive. In humans, an MSLT provides an index of sleep drive (Carskadon et al., 1986) , the rationale being that an individual will fall asleep very quickly if the drive to sleep is high. We adapted this paradigm to test for sleep drive in rodents (Shiromani et al., 1991 ). Here we found that the lesioned rats fell asleep as quickly as the control rats, indicating an intact sleep drive in the lesioned rats (Fig. 5) . Figure 6 summarizes the overall levels of sleep in rats with 192-IgG-Sap lesions. Consistent with previous experiments (Bassant et al., 1995; Kapas et al., 1996) , there was no change in overall levels of wake, non-REM sleep, or REM sleep ( Fig. 6 ; Tables 4, 5).
Experiment 3: effects of the AD A 1 receptor agonist CHA on sleep Because the lesioned rats have an intact sleep drive although AD levels do not increase with waking, we wondered whether the noncholinergic neurons in the BF were responsible for maintaining the sleep drive. In previous experiments, the adenosine A 1 receptor agonist CHA induced sleep in the BF Murillo-Rodriguez et al., 2004) in a dose-dependent manner. Therefore, here CHA was infused via reverse microdialysis into the BF of saline and lesioned rats. Compared with aCSF, in both the saline control and lesioned rats, there was a significant Both the saline and 192-IgG-Sap rats had a similar increase in sleep after 6 and 12 h of total sleep deprivation (TSD). Adenosine levels (mean Ϯ SEM) in the basal forebrain in saline control rats and rats administered 192-IgG-Sap to lesion the basal forebrain cholinergic neurons. AD was collected from the basal forebrain using microdialysis methods and measured via HPLC analysis. Samples (15 l total volume collected) from the basal forebrain were collected at the start of the hour. Samples were collected for the 1 h before the start of the sleep deprivation and at each hour during the sleep deprivation. The data during the sleep deprivation period was averaged into 2 h blocks. *p Ͻ 0.001, significant difference compared with pre-total sleep deprivation; **p Ͻ 0.002, significant difference compared with the saline group.
decrease in wake with 100 M CHA and an increase in non-REM sleep in response to 25 and 100 M CHA during the 12 h lights-off period when the drugs were administered (Fig. 7) .
Discussion
The hypothesis (Porkka-Heiskanen, 1999; Strecker et al., 2000; Porkka-Heiskanen et al., 2002) that AD released from the BF cholinergic neurons during waking is responsible for dictating sleep homeostasis was not supported by this study because rats with 95% loss of the BF cholinergic neurons had intact sleep homeostasis without an increase in BF AD levels. Moreover, the AD A 1 receptor agonist CHA induced sleep in lesioned rats to the same extent as in controls, indicating that the cholinergic neurons in the BF are not the primary transducers of sleep drive as hypothesized (Basheer et al., 2002) . The role of AD in regulating sleep homeostasis grew out of findings that systemic or intracerebroventricular administration of AD promoted sleep and decreased the waking state (Radulovacki et al., 1984; Ticho and Radulovacki, 1991) . AD is a byproduct of cellular metabolism, and the increased cellular activity during waking could release AD, which could gradually begin to inhibit the waking neurons. Consistent with a wake-related increase in cellular activity, there is a significant diurnal variation in AD levels in the hippocampus (Huston et al., 1996) and the BF (Murillo-Rodriguez et al., 2004 ) of rodents, with high AD levels during the lights-off period (when nocturnal rodents are awake) compared with the lights-on period. When waking is prolonged, AD levels also increase in the BF and cortex Murillo-Rodriguez et al., 2004) . The BF is unique with respect to other arousal areas in that it is only here that AD triggers sleep relative to other regions . The BF exhibits a diurnal rhythm in the activity of AD-metabolizing enzymes (Mackiewicz et al., 2003) . Specifically, activity of cytosolic 5Ј-nucleotidase, the AD-synthesizing enzyme, are higher at night relative to the day, whereas levels of adenosine deaminase (ADA), the AD-degrading enzyme, declines at night (Mackiewicz et al., 2003) . Levels of 5Ј-nucleotidase are higher in the BF relative to the cortex (Alanko et al., 2003) . The increase in activity of cytosolic 5Ј-nucleotidase relative to ADA could increase AD levels, which could then inhibit the wake-active BF neurons. BF wakeactive neurons are inhibited by local perfusion of AD (Thakkar et al., 2003a) .
Although AD levels increase with waking in the BF, is it correlative? Our findings indicate that it is correlated to waking, most likely released as a result of the increased activity of the BF cholinergic neurons. Thus, the increased AD in the BF, cortex, hippocampus, and striatum noted by several investigators (Huston Changes in sleep in response to 6 and 12 h of total sleep deprivation (TSD). Each data point represents the average Ϯ SEM cumulative change in total sleep time, non-REM sleep, and REM sleep during 6 h (left) and 12 h (right) of TSD and the recovery sleep period. To calculate the cumulative change, hourly amounts of non-REM and REM sleep on the baseline day were subtracted from those on the sleep deprivation day, resulting in a cumulative deficit by the 6th and 12th hours of sleep deprivation. The cumulative deficit was then tallied over the recovery period. There were no significant differences in the rate of the sleep deficit, and both groups recovered from the deficit at the same rate. Figure 4 . EEG delta power (EEG 0.3-4 Hz) during recovery sleep after 6 h of total sleep deprivation. The delta power was determined in non-REM sleep during baseline and recovery sleep, and each data point represents the average difference from baseline (0 line on the y-axis). Delta power, a measure of sleep drive, was highest in both groups during the first hour of recovery sleep and then progressively declined to baseline levels. *p Ͻ 0.05, significant difference compared with baseline. related activity of the surrounding neurons. In the only study in humans (Zeitzer et al., 2006) , AD levels did not increase with 40 h prolonged waking in the amygdala, hippocampus, and cortex. In the BF, the activity of the cholinergic neurons appears to be the main source of AD release because, when they are eliminated, AD levels do not increase. Glia may release adenosine (Parkinson and Xiong, 2004) , but, in lesioned rats, it is not sufficient to offset the decline. Adenosine reuptake in neurons or glia may change as a result of the lesion, but it would have to have increased significantly to account for the lack of change in extracellular adenosine levels in lesioned rats.
If AD levels do not increase with prolonged waking in lesioned rats, is the sleep drive intact? In the present study, established paradigms demonstrated that sleep homeostasis was intact in lesioned rats. In the first paradigm, rats were kept awake for 6 or 12 h and the amount of ensuing sleep was determined. Lesioned rats had as robust a sleep rebound as the control rats, indicting an intact response to sleep loss in the lesioned rats. Moreover, the lesioned rats had increased EEG delta power after 6 h sleep loss. In the second paradigm, a rodent version of the MSLT was used to assess the sleep drive. In humans, short MSLT scores indicate heightened sleep drive (Carskadon et al., 1986) , and, in our study, the lesioned rats had latencies to non-REM and REM sleep similar to control rats. Together, these studies indicate an intact sleep drive in BF cholinergic lesioned rats.
Because the lesioned rats had normal amounts of sleep, we investigated whether sleep could be induced by the noncholinergic neurons in the BF, some of which are wake active (Za- The 24 h data are double plotted to better reveal the diurnal rhythm of the sleep-wake cycle. The black bar represents the 12 h lights-off period. There were no significant differences between the two groups.
borszky and Duque, 2003) . The adenosine A 1 receptor-specific agonist CHA was administered to the BF, and, in rats with lesions of the BF cholinergic neurons, it was effective in inducing sleep. Thus, our findings demonstrate that A 1 receptors on noncholinergic neurons are able to induce sleep. This finding does not support the contention of two recent studies that the A 1 receptor on the BF cholinergic neurons was the key to transmitting the signal by adenosine for sleepiness. In one study, adenosine, acting via the A 1 receptor, stimulated calcium release in cholinergic but not noncholinergic neurons (Basheer et al., 2002) . In the second study, perfusion of adenosine A 1 receptor antisense into the BF reduced non-REM sleep and EEG delta power (Thakkar et al., 2003b) . Neither study investigated whether sleep was changed after lesion of the BF cholinergic neurons, which left open the possibility raised by both studies that A 1 receptors on noncholinergic neurons could affect sleep.
Normal sleep induction in the lesioned rats could also arise via the A 2a receptor. Mice lacking the A 2a receptor sleep less, including after sleep deprivation (Urade et al., 2003) . Infusion of the highly selective A 2A agonist CGS21680 (2-[p-(2-carboxyethyl) phenethylamino]-5Ј-N-ethylcarboxamido adenosine) into the rostral BF increases both non-REM and REM sleep (Satoh et al., 1999) and increases c-Fos in sleep-active neurons of the ventral lateral preoptic area (VLPO) (Scammell et al., 2001) . A direct excitatory effect of A 2a receptor stimulation on a subset of VLPO neurons was recently demonstrated (Gallopin et al., 2005) . Caffeine, an AD receptor antagonist, may exert its powerful wakepromoting effects (Huang et al., 2005) via the A 2a receptor. Caffeine may also reduce the hypnotic effects of alcohol via this receptor (El Yacoubi et al., 2003) . Thus, our findings do not negate the overall hypothesis of adenosine and sleep homeostasis, but they reject the role of the BF cholinergic neurons in this process. Elsewhere in the brain, including in the subarachnoid space and the adjoining ventral rostral forebrain, adenosine may exert its soporific effects as hypothesized (Urade et al., 2003) .
The BF contains a heterogeneous population of neurons, and the neurotoxin 192-IgG-Sap was used to eliminate a phenotype of neurons hypothesized to be central to the regulation of sleep homeostasis. The 192-IgG-Sap kills BF cholinergic neurons by binding to the p75 NGF receptor found on these neurons (Book et al., 1994) . The preferred method of delivery of the toxin is intracerebroventricularly, and the lesion is complete by 7 d after injection (Waite, 2005) . There is an 80 -90% reduction in ChAT There were no significant differences between the two groups. The numbers represent averages Ϯ SEM over the 12 h lights-on and lights-off periods. There were no significant differences between the two groups. Figure 7 . Effects of the adenosine A 1 receptor agonist CHA on wake, non-REM sleep, and REM sleep. Different concentrations of CHA (10, 25, and 100 M) or aCSF were infused via microdialysis into the basal forebrain for 12 h at the start of the lights-off period, and sleep was recorded during the drug infusion period. Data represent the mean Ϯ SEM percentage of wake, non-REM sleep, and REM sleep in saline-and 192-IgG-Sap-treated rats that had 95% loss of the BF cholinergic neurons. *p Ͻ 0.05, significant difference compared with the respective aCSF of each group. The sample size for the saline group was as follows: aCSF, n ϭ 9; CHA at 10 M, n ϭ 7; CHA at 25 M, n ϭ 9; CHA at 100 M, n ϭ 9. The sample size for the 192-IgG-Sap group was as follows: aCSF, n ϭ 12; CHA at 10 M, n ϭ 5; CHA at 25 M, n ϭ 12; CHA at 100 M, n ϭ 12.
activity in the cortex and hippocampus (Waite, 2005) . By comparison, excitotoxins produce only a 16 -44% reduction (Waite, 2005) . In the ventral pallidum and sublenticular substantia innominata (caudal portions of Ch4) some of the cholinergic neurons [7.1% by one estimate (Woolf et al., 1989) ] do not contain the p75 NGF receptor and are spared by the toxin (Heckers et al., 1994) . These ChAT-positive/p75negative neurons project to the amygdala (Hecker and Mesulam, 1994) . Thus, only a very small minority of the BF cholinergic neurons does not contain the p75 NGF receptor. Ibotenic acid, an excitotoxin, which lesions these and other noncholinergic neurons, increases slow waves in the EEG (1-4 Hz) when applied to the SI (Buzsaki et al., 1988) . However, because AD does not increase with prolonged waking, the minority of surviving cholinergic neurons projecting to the amygdala appear not to contribute significantly to AD. These surviving neurons are also unlikely to regulate sleep homeostasis, at least not through adenosine, because in humans adenosine levels in the amygdala do not increase with 40 h waking (Zeitzer et al., 2006) . The BF contains other neuronal subtypes, such as neurotensin, galanin, somatostatin, parvalbumin, NADPH, and NPY, but they do not possess the p75 receptor and the toxin does not kill them (Wenk et al., 1994) . In the brainstem, there are neurons that contain the p75 receptor but they are not killed (Heckers et al., 1994) . The only other neurons that are killed are the cerebellar Purkinje cells, which contain the p75 receptor (Heckers et al., 1994) . However, loss of these neurons is unlikely to impact BF AD and homeostatic regulation of sleep because total cerebellectomy does not decrease total amount of sleep (Paz et al., 1982) .
The BF cholinergic neurons share a reciprocal connection with the orexin/hypocretin neurons in the lateral hypothalamus (Sakurai et al., 2005) . Because there was no change in the amount of sleep-wake in the cholinergic neuron lesioned rats, we suggest that waking is not attributable to the BF cholinergic neurons driving the orexin/hypocretin neurons. The latter neurons are selectively active during waking (Lee et al., 2005b; Mileykovskiy et al., 2005) , and they continue to be the only group of wakeactive neurons whose lesion significantly alters sleep-wake regulation.
